of the blood volume in the newborn rat llas been studied previously (3, 6, 18 ), but in all earlier studies direct measurements were made on only one volume oollqartment, using either a plasma label or a red cell label alone, and the size of the unlabeled compartment was cst i nlated using the large-vessel hematocrit.
Only a few of thc~ animals used in these earlier published studies were less than 2 days old. The purpose of the present study was to establish the tit:\velopmental changes for red cell volume and plasma volu I ne simultaneously, but independently, using a marker Sxture of radioiron labeled red cells and radioiodinated humm albumin. Measurements were done on rats ranging in age from a few hours to 30 days postpartum.
The methods used in this study were conventional in principle. However, blood composition changes rapidly in the alewborn rat. At birth the circulating red cells are nearly all large reticulocytes; by 3 weeks of age the frequency of reticulocytes is reduced to around 25 % and the mean red cell volume is only slightly above that for adult rats (10). Cell populations with such differences in the distribution of physical properties may show differences in their rate of centrifugal packing and in the volume of plasma trapped between them. These possibilities were investigated as a preliminary to measurements of red cell and plasma volumes. Other preliminary work was done on the variation in the disappearance rate of labeled albumin from the plasma at different ages and the validity of using human albumin for the measurement of the plasma distribution space in these animals.
MATERIALS AND METHODS

Animals
Wistar albino rats, bred in a closed colony for the past 15 years at The University of Western Australia Preclinical Animal House, were used. Three to five animals, from litters of 8-l 2 young, were selected randomlv from each of two litters at each age group studied were not removed from their mother before they were required. Baby rats under light ether anesthesia were fastened supine to a cork board using adhesive tape and both jugular veins were exposed. A fine Portex polyvinylchloride cannula (id 0.0157 inch) tipped with the sawn-off end of a G-27 injection needle was attached to a 50-~1 Hamilton syringe.
By withdrawing the plunger, the cannula was filled with 2 ~1 of heparin (1,000 U/ml) and the appropriate volume (lo-50 ~1, depending on the size of the rat) of marker fluid. Heparin and marker fluid were separated in the cannula by an air bubble of l-p1 volume. Finally, to prevent loss of marker fluid from the cannula during insertion into the vein, .5-l ,ul of air was drawn into the cannula tip. The cannula was then threaded through a short metal sleeve which had been aligned with the vein and anchored in the cork board; the needle tip of the cannula was inserted into the exposed jugular vein, and the marker mixture, followed by the heparin, was slowly injected. The small amount of heparin helped to reduce the amount of marker left clinging to the cannula wall and by preventing coagulation it also facilitated subsequent sampling. When the injection was completed, the cannula tubing was clamped with a hemostat forceps and the needle was left in situ in the vein until completion of sampling. Injection standards were prepared at the beginning and at the end of each series of four to eight measurements, the usual number in a run. The standards were prepared for injection in the same way as described above; the marker mixture was then delivered into volumetric flasks and the radioactivity of diluted aliquots was determined.
Sampling was performed lo-15 min after injection by severing the exposed contralateral jugular vein and the blood that would flow freely was collected as follows : two heparinized capillary hematocrit tubes were filled, then a micropipette of appropriate volume (50-200 ~1, depending on the size of the rat), and then two or more capillary tubes. The blood in the micropipette was transferred immediately to the bottom of a counting tube containing 1 ml of distilled water and one drop of concentrated ammonia solution. The capillary tubes were flame sealed and centrifuged for 5 min in a standard Hawksley microhematocrit centrifuge. The hematocrit value was read, using a Hawksley microhematocrit reader. The capillary tubes were then lightly filed and were broken neatly above the red cell column. Plasma samples of between 20 and 50 ~1 volume were drawn into micropipettes and transferred into counting tubes containing 1 ml of distilled water and one drop of ammonia solution.
Plasma Volume Changes in First 30 hr of Life
Pregnant females of known conception date were checked for births at Z-hr intervals, and the birth times of litters were recorded accurately. The recording of correct birth time was assisted by the observation that the presence of milk in the stomach of the newborn could be readily detected through the skin, even after a brief period of suckling, and MASTERS, LESLIE, AND KALDOR that this sign was never present in less than 1 hr after the birth of the litter. The pups were counted and weighed when the birth of the litter was complete.
When measurements on pups from the same litter were to be done at different times or under different conditions, the litter was divided into weight-matched groups and the pups were marked appropriately and returned to the dam. As animals were removed for measurements, they were replaced by marked substitute pups from a strange litter of similar age, but not assigned to the experiment.
In this way the suckling stimulus for the dam was maintained constant and the remaining experimental pups continued to get as much milk as they would normally.
Red cell volume and plasma volume were measured as described above.
Measurements in Adult Rats
Marker mixture was injected into adult rats under light ether anesthesia by way of an exposed saphenous vein, using a 500~~1 syringe and G-26 needle. Blood samples were collected from a punctured lateral tail vein and were processed as described for baby rats. The rate and degree of centrifugal packing of red cells in lnicrohematocrit tubes were detefmined on blood at birth and days 4, 1.5, and 30. In each of the age groups studied there was no significant difference between the degree of packing after 5 and 10 min centrifugation at 20,000 X g. The extent to which plasma was trapped between the red cells after centrifugation was examined using RIHSAlzV-labeled plasma (4). Blood from five age groups (newborn, days 4, 1.5, and 30, and adult) was studied. The \.olume of plasma trapped between the red cells was expressed as a percentage fraction of the apparent volume of red cells. This fraction was between 2.2 and 3.0 % for baby rats and 2.6 and 3.3 % for adult rats. The slope of the regression of percent plasma trapping on age was not significantly different from zero. It was therefore concluded that 5 min centrifugation provided data valid for making comparisons between different age groups without corret tions.
Rate of Disappearance of RIHSA-'251 from Plasma at Dz'ferent Ages and in Comparison with 1WLabeled Rat Albumin
The rate of disappearance of injected RIHSA-1251 was determined in six animals from each of five age groups : newborn, days 9, 12, and 24, and adult. The results were expressed as percentage of injected marker remaining in the plasma at different time intervals. A regression analysis performed on the data showed that the disappearance of RIHSA-1251 from the circulation was significantly faster in newborn rats than in adults. However, there was no significant difference between the disappearance rates in baby rats of different ages. A correction factor for the disappearance of label between the time of injection and time of sampling was derived from the pooled data of all young animals.
A second series of measurements was conducted along lines similar to those described above but with simultaneous injection of RIHSA-1251 and purified 1311-labeled rat albumin. Twelve baby rats of four age groups (newborn and days 9, 12, and 24) were used. In each rat the ratio of activity of 1311 to activity of 1251 per unit volume of sample remained constant from sample to sample. There was no significant change in the ratio with time. It was therefore concluded that the rate of leakage across the capillary wall was the same for both RIHSA-1251 and l3lI-labeled purified rat albumin injected intravenously into the rats.
RESULTS
Red Cell Volume and Plasma Volume in Baby Rats Table  1 shows body weights and blood volumes at different ages. Compared to the rapid increase in body weight toward the end of gestation, the increase in body weight from birth to day 4 was very slight. The development of absolute red cell volume corresponded to the growth of body mass. Red cell volume correlated highly with age (r = 0.88, P < 0.001) and body weight (r = 0.97, P < 0.001). The absolute plasma volume also correlated highly with age ( r = 0.97, P < 0.001) and with body weight (r = 0.98, P < 0.001). The changes in total blood volume strongly reflected the changes in plasma volume. Total blood volume correlated also with age (r = 0.95, P < 0.001) and with body weight (r = 0.99, P < 0.001). Figure  1 shows the red cell, plasma, and total blood volumes relative to body weight in rats from birth to day 30 and in adult rats aged about 90 days. Note that the relative plasma volume fell sharply from 7.0 ml/ 100 g body wt during the 1 st hours of life to 5.2 ml/ 100 g at day 2. There was a significant negative correlation between relative plasma volume and age from birth to day 30 (r = -0.62, P < 0.05). After day 6 there was no significant change in the relative total blood volume. Relative total blood volume correlated highly with relative plasma volume (r = 0.90, P < O.OOl), but not with relative red cell volume.
51
Hematocrit and F Cells Factor in Baby Rats
Large-vessel hematocrit and total-body hematocrit are plotted in Fig. 2 . The large-vessel hematocrit fell from birth to day 2, whereas, during the same period, the total-body hematocrit rose. Apart from this, the changes in largevessel hematocrit very closely followed the changes in total-body hematocrit. By day 30 both the large-vessel hematocrit and the total-body hematocrit were higher than the respective values had been at birth. There was a highly significant correlation between the large-vessel hematocrit and relative red cell volume (r = 0.90, P < 0.001) and between large-vessel hematocrit and absolute red cell volume (r = 0.71, P < 0.01). The total-body hematocrit correlated significantly with body weight (r = 0.62, P < 0.05), with relative red cell volume (r = 0.77, P < 0.01) and with total blood volume (r = 0.60, P < 0.05). The changes in the F cells factor are also shown in Fig. 2 . Figure  3 shows relative red cell volume and relative plasma volume vs. age as determined on a random group of newborn pups between 2 and 6 hr after birth. The relative red cell volumes did not differ significantly from the were between 4.5 and 6.3 ml/ 100 g body wt, significant, with P < 0.01. A t test between the first two which was substantially lower than the mean value, 7.0 groups showed that they were significantly different (P < ml/ 100 g, found before. The relative plasma volume 0.02). The mean large-vessel hematocrit value was 42.2 % showed a tendency to rise with time after birth, whereas for the first group compared to 36.2 % for the second and the relative red cell volume did not show this tendency.
Eady Plasma Volume Changes in Neonatal Rat
37.0 % for the third group, respqtively. Figure 4 ousl!-, using independent markers, in neonatal rats. The mults obtained for blood volume in this way, unlike results obtained by measuring red cell volume or plasma volume alone, do not depend on the assumption that the total-body hmatocrit is the same as the large-vessel hematocrit or that the two always bear a constant relation to one another. The variation found in this study in the F cells factor from birth to day 30 gives an indication of the possible magnitude of error in using red cell volume or plasma volume measuremcnts alone. For rapid routine measurements, however, it is more convenient to use one marker only. Having established the relationships between red cell volume, plasma wluIne, and age in baby rats, it will be possible to measure vi t her red cell volume or plasma volume alone and estimate fairly closely the volume of the other compartment, using the large-vessel hematocrit with appropriate corrections
The red cells of adult rats are smaller than those of the wwborn (lo), and mixing of the injected labeled cells within the red cell compartment should occur with ease. The time allowed between the injection of the marker misture and sampling the blood, lo-15 min, was based on J conservative estimate of the time for complete mixing of the markers with the circulating blood.
In adult rats complete mixing of the labeled red cells with the circulating red cell mass occurs within 10 min (2). The rate of albumin mixing in adult rats has been found to be faster than the ate of red cell mixing; generally, mixing proportional to the size of the animal (8).
time is inversely
In the measurement of plasma volume, corrections were made for the disappearance of RIHSA-1251 from the circulating plasma during the time between injection and sampling.
The disappearance rate of RIHSA-12"1 from the plasma was determined by measuring the 1251 activity in serial small samples taken at recorded times after injecting a known amount of RIHSA-1251 into the circulation. The problem with this method, when applied to very small animals, is that, due to compensatory dilution of the plasma by entry of extravascular fluid into the circulation, the removal of blood samples may in itself affect the measured fall in plasma concentration of the marker. In the present measurements, the disappearance rate in the baby rats was faster than that in the adult rats and the sample volumes relative to the total blood volume in baby rats were, on an average, relatively high. However, in the 24-day-old group tested in this manner, the relative sample volumes were no higher than relative sample volumes in the adult group, but the observed disappearance rate was still high. This suggests that the disappearance rate of RIHSA-1251 from the plasma of baby rats may, in fact, have been faster than from the plasma of adult rats. It appeared justified to use the combined average disappearance rate of albumin in all groups of baby rats to derive a common correction factor for the plasma volume measurements from birth to 30 days of age.
At birth, the relative red cell volume, expressed as milliliters per 100 g body wt, was the same as that reported by Garcia (6); though, in the present study, the fall in relative red cell volume in the early postnatal period was not as marked as in Garcia's material, and the recovery between day 16 and day 30 was more rapid.
A transient rise in relative plasma volume during the first 30 hr postpartum has not previously been reported for rats. During this period, body weight increased by approximately 0.1 g every 6 hr. Since relative plasma volume is inversely proportional to body weight, the rise in absolute plasma volume was obviously quite large. Travnickova and Heller ( 18) recorded a steady fall in relative plasma volume between 1 and 30 days postpartum.
They tabulated pooled data for rats from 1 to 4 days of age, and this may explain why they did not record the early changes reported here. Others, who measured the blood volume of neonatal rats using a red cell label and estimated the plasma volume with the aid of the large-vessel hematocrit value (3, 6), also did not record results similar to ours.
An alternative interpretation of the apparent increase in plasma volume during the 1 st day of life could be that a transient increase occurred in the capillary permeability to albumin-1251.
However, the fact that the mean large-vessel hematocrit was lower in the groups with higher mean relative plasma volumes suggests that the observed increase in albumin-1251 s P ace was to a considerable extent intravascular and therefore represented a real increase in plasma volume.
